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The orthorhombic unit cell of kainosite has constants of ¢ = 12.93,b =14.30,¢c =6.73 A

and contains four formula units of Ca,Y,[Si,04,]CO; - H,0. The space group is D'} = Pmnb.
The structure was determined by the heavy -atom method from weighted Fourier projections
and refined using normal and difference Fourier phase projections. Kainosite is a ring
metasilicate and contains [Si O4,] 8 four-membered ring anions. The Ca and Y atoms lie
within eight-cornered oxygen polyhedra of the same type (A-dodecahedra), but the Ca poly-
hedra are larger than the Y polyhedra and more distorted. The two sorts of polyhedra have
shared edges and corners, and through these and also through COj triangles they are con-
nected together into a three-dimensional framework containing channels in which the four-

membered [Sif04,] rings lie.

About three percent of all the minerals known
at present contain rare earths. The present in-
vestigation has beendevoted to kainosite, Cay(Y,Tr),-
[5i404,]1CO3 - H,O, a representative of the most com-
mon class of rare-earth silicates (TR represents a
rare earth). Kainosite was first discovered in 1886
by Nordenskjold in the Hitterd region of Norway, and
derived its name from its unusual external form
(kainos means new or exceptional in Greek). A
synonym for the mineral is cenosite (the Latinized
form of the name). Somewhat later kainosite was
found in Sweden (at the Ko mines, Nordmark) and in
Canada (Ontario) [1]. In 1961, V. V. Lyakhovich
and V. I. Noneshnikova discovered kainosite within
the USSR, in the granitoids of Tuva. The pinkish-
yellow, short prismatic crystals of kainosite have
the usual association with calcite, apatite, biotite,
and magnetite {2].

An analysis of the structure of kainosite must
throw light upon the nature and architecture of the
oxygen-silicon radical, and also upon the way in
which the large Ca and Y(TR) atoms are distributed
in the structure. Obeying as they do the Mendeleev-
Fersman diagonal rule, and the close ionic radius
relationship corresponding to this, the rare earths
usually substitute for the ions Ca, Sr, and (for the
heaviest rare earths) Zr in crystals, either com-

pletely, or only partially, when they occupy a single
crystallographically independent position with the
substituted ions. Thus in gadolinite, Fe Y ,Be,0,5i,08
[3], the Y atoms lie within eight-cornered poly-
hedra of the same type as those enclosing Ca in
datolite, Ca,B,8i,04(OH),. In aeschynite [4] also,
the TR and Ca atoms occupy the same crystallo-
graphic position in a strongly deformed eight-
cornered oxygen polyhedron. Other possible ar-
rangements are observed in the structures of al-
lanite, CaCe(Fe™", Fe " )Al,0(0H, 0)[Si,0;][Si0O4] [5],
and of (TR, Sr) apatite, (Ca, TR, Sr)[PO,)s(F, OH) [6],
where the TR atoms replace Ca in only one of two
independent positions.

The first x-ray investigation of kainosite es-
tablished that it had an orthorhombic unit cell with
a =12.93,b =14.30,c =6.73 A and a space group
of D' = Pmnb for Z = 4 formula units per unit cell
[7]. In 1963 the present authors published a pre-
liminary communication on the structure of kaino-
site [8]. We had at our disposal several crystals
from the Canadian deposit, received from Prof. K.
Frondel. Almost all these specimens showed some
degree of metamict character, but even so it was
found possible to pick out two irregular-shaped
specimens measuring ~0.3 X 0.4 x 0.6 mm which
gave satisfactory x-ray photographs. A Weissen-
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berg camera was used to obtain photographs of the
equatorial and first layer lines for rotation about c,
and of the zero, first, and second layer lines for
rotation about a; during the structure refinement it
was found necessary to use a photograph of the
third layer line for rotation about c as well. Kaino-
site contains a considerable proportion of yttrium,
and the edge of the Y absorption band of the K series
(0.726 A) is very close to the MoK wavelength
(0.711 A); therefore, to obviate anomalous absorp-
tion in the crystals the whole experiment was car-
ried out using AgKe and CuKo radiations. The
kainosite crystals were not isometric (it was not
possible to turn them into spheres because they
broke easily), and absorption led to a considerable
scatter in the intensity measurements, which was
counteracted by averaging the data for the four
independent hkl, quadrants (Hkl). The intensities
were estimated visually, by comparison with a
blackening scale which altered in steps of 2‘/4, from
multiple -exposure films. Several reflections which
fell under the goniometer clip in the AgKa radia-
tion exposures were recorded on the photographs
made with CuKa radiation. After excluding the
kinematic and polarization factors from the inten-
sities, the set of nonzero structure factors consisted
of 139F % ¢, 251F2 py 4, 303F s, 168F5yg, 128F51,
130F% ;. The strong background on the x-ray photo-
graphs, due to the partial metamict character, con-
siderably lowered the number of nonzero reflections.

The rotation photographs about the ¢ axis showed
a clear periodicity in the layer line intensities; the
equatorial line was strong, the first layer line very
weak, the second rather stronger, the third equal in
intensity to the zero layer line, the fourth weak, the
fifth almost equal to the third. Thereafter the pat-
tern was repeated; 6th, weak; 7th, rather stronger;
8th, strong; 9th, weak; 10th, strong; and so on. An
analysis of the structure factor formulas for the
group Dlgh = Pmnb [9] showed that this feature could
be attributed to an effect of the Y atom if its x co-
ordinate was close to 0.05-0.06. Such an xy -co-
ordinate value indicates that the Y atoms lie on a
single (general) eightfold regular point system.

The heavy Y atoms were located from an an-
alysis of the Patterson projections P(v, w) and
P(u, v). The former gave unambiguous values for
the (yz) coordinates, and the latter the x coor-
dinates of Y; y-coordinates determined from the
function P(u, v), had two possible values because
of the halving of the b constant in this projection
(the coordinates y and 1/4--y were indistinguishable).
The xy-coordinate value derived from P(u, v) agreed
with that obtained earlier from the general char-
acteristics of the x-ray rotation photographs.
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The structural motif existing in kainosite was
worked out from normal and weighted electron-
density projections, using the heavy -atom approach.
The first syntheses constructed were o(x, y),0(y,z),
Cyx,y), and S;(x, y), from those experimental Fhi;
for which the signs could be taken as the same as
the signs of the contributions of the Y(TR) atoms.
The number of peaks on the electron density maps
was much higher than the number of atoms in the
structure. To pick out the true peaks from the com-
plete set and reject the false ones we compared the
highest peaks with the identical coordinate values
on all four of the projections mentioned. If the re-
sults for a given peak were contradictory on the dif-
ferent syntheses (or their positioning contravened
standard crystallochemical distance rules), then
that peak was rejected. This approach resulted in
the coordinates for Ca, Siy, and Siyy being found,
these atoms turning out to be occupying general 8-
fold positions, and it also gave the coordinates of
the oxygen atoms making up the Si; and Sijy tetra-
hedra.

Since we did not have an accurate value of the
ratio Y:ZTR at our disposal, we had to use liter-
ature results [1] on the chemical composition of
kainosite. Assuming a ratio of Y:ZTR =3 : 1 for
our specimens, we constructed an effective atomic
scattering factor curve [at sin¥/A =0, foff =
46.2 el). In the next stage of the investigation,
Fhko, Fhki, and Fyk; were recalculated using the
coordinates of all the atoms already fixed, and a
second series of normal and weighted electron den-
sity projections gave all the atoms in the structure
and thus revealed the structural motif. The oxygen
atoms were "differentiated" into O and H,O on the
basis of the balance of valences [8].

The coordinates of the atoms were refined from
normal and difference Fourier syntheses, the latter
excluding the contributions of the cations Y(TR),
Ca, Siy, and Siy;. The normal and difference syn-
theses were assumed to be equally valid, and results
obtained from them were averaged out. (The ac-
curacy of the difference syntheses was not high be-
cause of the large number of zero-value Fgy,, re-
sulting from the dense backgrounds on the Weissen-
berg photographs.) The xy projection resolved the
majority of the atoms; their coordinates were fixed
from the o (x, y) syntheses and the phase projec-
tions Cp (x, vy, Zj), where L =1, 3. For overlapping
atoms the required phase projections Sy(x, y, Zj)
and S;(x, y, Zj) were calculated [10}. Also, to elim-
inate the effect of the heavy Y atom on O, and Ojy, of
Ca on G;, and of Sify on Og, the difference syntheses
Ao (x,y), ACy(x,y),and ASy (x,y) (L =1, 3) were
constructed, and these were then combined into the
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phase projections ACy (x, y, Zj) and ASy (x, y, Zj)
used in determination of the (x, y) coordinates of all
the O and C atoms. It is worth noting that the syn-
theses Cs(x, y) and S;3(x, y) were highly effective in
locating the oxygen and carbon atoms lying on the
m mirror plane. These atoms overlapped one an-
other on the xy projection (C with O4, O4 with Oy),
and here in both pairs the difference (z; —z,)/c,
equal to 0.55, was too close to Y, for them to be
separated using the phase projections 8,(x, y, Zj).
On the other hand, for Cy(x, y) and S;3(x, y) more
favorable separation conditions applied, since the
value I(z;—z,)/c was closer to (2n + 1)/4 [10].

From the peak height relationships on the con-
jugate projections Cjy(x, y) and S3(x, y) the z co-
ordinates of the atoms were found, including Oy,
which could not be located on the yz projection be-
cause of interference by the heavy Y. More ac-
curate z coordinates were established from the syn-
theses o(y, z), S4(y, z), and C,(y, z),! from which it
was easy to distinguish the Y (TR), Ca, Siy, Sipy
cations which were paired on the projection, and
some of the O atoms. Locating the single atoms
lying on mirror planes was, however, made difficult
because they projected on the yz plane with halved
weights, and moreover they overlapped with heavier
atoms (O4 with Siy, O; with Siyy, Og with Y). To re-
fine their z coordinates the difference syntheses
Ao (y, z), ASy(y, z), and AC,(y, z) were constructed
in addition. The atomic coordinates thus found,
from a combination of normal and difference syn-
theses, were averaged and are given in Table 1
together with their mean errors.

During our analysis of the kainosite structure
we used the chemical analysis [1], in which the rare
earths were not differentiated. R. L. Bardinskii,
working in the x-ray spectroscopy laboratory of
IMGRE (Institute of Mineralogy, Geochemistry
and Crystallography of the Rare Earths), found the
La and lanthanide contents given in Table 2 for the
mineral. The analysis confirmed the high yttrium
content of the yttrium-rare earth total in kainosite.
However, the x-ray spectroscopy only resulted in
a very approximate value for the proportion of Y in
the total Y + TR, and so we refined the value of this
ratio using values of the reliability factor Ry,
which were calculated from the (x, y) coordinates
in Table 1 for a series of f(y, TR) atomic scattering
curves. By varying the value of f(y TR) =fyny +
f=TRny TR (Where ny was the proportion of Y in
the total) from ny = 53% (corresponding to ny TR =
47%) to ny = 84% (nyxTR = 16%) in steps of ny = 3%,
we obtained a minimum value of Rpky = 10.3% at
ny = 75% (Fig. 1). Thus for the kainosite the ratio
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Fig. 1. Graph of Ry, against percentage Y
content in the total rare-earth plus yttrium
present in kainosite,

Ca polyhedron

Y polyhedron

Fig. 2. Projections of Y and Ca polyhedra on the xy plane.
Lengths of O—O edges are given in A (based on the penulti-
mate coordinates).

of Y:ZTR =3 : 1 turned out to be correct. In a final
recalculation of the structure factors we used the
effective atomic factor fy TR = 0.75fy + 0.25f5TR;
its value at the point sind/A =0 was 45.8 el.

The structure factors Fpk, and Fyk7 calculated
from the averaged coordinates, and their experi-
mental values, are listed in Tables 3 and 4. The
final 'reliability factors for all the nonzero reflec-
tions were as follows:

Ruo = 9.1 0/0 (Siﬂ g / A = 0.9 A"l, Buro = 0.7 AZ)7
Ry = 9.09, (Sin [V / A=< 1.05 A=Y By = 0.7 /\2),
Rugs = 12.6%  (sin® /A << 1.05 A B = 0.5 A%),
Rog = 12.0 0/0 (sin L / A < 0.85 AqY Bong = 0.7 /\2),
Ry = 14.1% (Sill O/ A = 0.8 A_i, By = 0.7 ;/\2),
Ropy —= 13.1 % (SIH ¢ / A=< 0.8; A_i, Boyy = 0.7 AZ).

Kainosite turns out to be a metasilicate, with
isolated four -membered [Si,O,]® rings. A similar
ring is found in the barium-titanium silicate baotite
[11]. Thus kainosite is the second mineral which,
on structure analysis, has been shown to contain
isolated four-membered oxygen-silicon rings, al-
though a similar phosphate ring, [P,O4,], was de-
tected in 1937 by Pauling [12] in aluminum meta-

!The mirror plane perpendicular to the a axis reduces Cy(y, 2) and
Sa(y, z) to zero,
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TABLE 1, Coordinates and Mean Errors of the Principal Atoms in
the Kainosite Structure

Atom and

number pre- x/a y/b z/c

sent in cell

Y (TR) (8) 0.057+0.001 0.219+0.001 0.112+40.001

Ca (8) 0.079+0.001 0.453+0.004 0.300-+0.003

Siy (8) 0.129+0.001 0.1464-0.001 0.614+0.003

Siy (8) 0,129+0.001 0.431+0.001 0.8354.0.002

(8) 0.25 0.127+0.002 0.108+0.006

0, (8) 0.111 40,002 0.035+0.003 0.556 +0.004

0, (8) 0.0544-0.002 0.169-0.002 0.793+0.003

05 (8) 0.096+0.003 0.217+0.002 0.448+0,004

04 (4) 0.25 0.161+0.003 0.667 +-0.01
s (8) 0.056+0.002 0.420+0.002 0.663

0s  (8) 0.11250.002 0.360+0.002 0.01340.003

0: (4) 0,25 0.425%0.003 0.750 40,007

0s (8) 0.165+0.003 0.08230.002 0.11,

Oy (4) 0.25 0.21240.002 0.10

O10* (4) 0.25 0.379+0.003 0.361+0.007

TABLE 2. Percentage Make-Up of the Rare -Earth Elements (excluding Y) in Kainosite

Rare-earth element | La | Ce | Pr | Nd Sm{ Euj Gd] Th | Dy|Ho | Er | Tu| Yb}| Lu

Joof TR l 0l o.4§ 0 1 0.4‘ 15 ’3.0 ‘ 26 ‘ 2.6\ 19 ’ 4.3\ 13 ’ 2 ] 1l o2

and others), and also of Zr and Y compounds (zir-
con, ZrSi0Oy; xenotime, YPO,).

Figures 3 and 4 show details of the kainosite
structure in projection on the xz and yz planes.
Along the [010] direction alternating Ca and Y poly-
hedra, linked together through shared edges, are

Fig. 3. Projection of half the kainosite cell on the xz plane.

A nerwork of Ca polyhedra passes through the middle of the cell
paraliel to (010), with attached four-membered [SiyO,,] rings
and a lower layer of Y polyhedra, joined in pairs through CO,
triangles,

phosphate, A1PO;. In kainosite the Ca and Y atoms
each separately occupy a crystallographically in-
dependent eightfold regular point system. Both ca-
tions lie within similar eight-cornered oxygen poly-
hedra with 12 triangular faces, i.e., A-dodecahedra
(Fig. 2), although the Ca polyhedra are larger than
the Y polyhedra and more distorted. P01yhedra of (—1/4 =X = 1/4). The corrugated walls of Y and Ca polyhedra
this type are typical of many Ca compounds (an- parallel to (100) can be distinguished, with connecting COq
hydrite, CaSO, [13]; Ca garnet [14]; scheelite, CaWo, triangles (heavy lines) and halves of four-membered [SizOy,]
[15]; hydroboracite, CaMg[B304(OH);sl, - 3H,0 [161; rings.

Fig. 4. Projection of half the kainosite cell on the yz plane
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TABLE 3. Experimental and Calculated Values of the Fyy, Structure Factors in Kaino-
site, A Correction is Included in F_, for a Temperature Factor of exp[—0.7 AZ.
(sin 9/ M) Rpgo = 9.1% for Feyxp = 0 (sin 9/1 = 0.92 A™)
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the Ca chains alternate with similar Y chains and
together these form a corrugated wall parallel to the
yz plane. These discrete walls divide up the whole
structure. In the wide gaps between the corrugated
walls, all the remaining polyhedral units of the
structure are collected, i.e., the planar CO3 groups
and the discrete [Si;Oy,] rings.

Table 5 gives interatomic distances in the kaino-
site structure. The Y —O distances in the eight-
cornered Y polyhedron lie between 2.24 and 2.52 A,

laid out in columns, with the Ca—Y —Ca axis de-
viating slightly from a straight line. Two adjacent
mirror-equivalent columns are joined together into
a double ribbon through shared corners and COj;
"orlueing" groups. In the xz projection the ends of
these ribbons form a chess-board pattern, alter-
nating with channels in which the isolated [Si,Oy,]
island rings lie. Polyhedra of the same type are
also linked with one another along the [001} axis,
but here they form a zigzag chain. Along the b axis
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TABLE 4. Experimental and Calculated Values of the Fox; Structure Factors in Kaino-
site. A Correction is Included in F ;. for a Temperature Factor of exp[—0.7 Al
(sin 9/ ML Rokg = 12.0% for Feyp = 0 (sin /X =0.83 A7)
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the O—0O edges are from 2.75 to 3.68 A (Fig. 2);
exceptions to this are the two edges Og—0y = 2.16 A
(shared between COj triangles) and 0,—0; = 2.48 A
(simultaneously forming the edge of a Sij tetra-
hedron). In the Ca polyhedron six Ca—O distances
lie within the narrow range 2.24-2.53 A, two more
are 2.73 and 2.96 A long, and the remainder ex-
ceed 3.7 A. The O—O edges in the Ca polyhedron
(Fig. 2) vary from 2.88 to 4.05 A, not counting

three shorter O—O edges which simultaneously form
sides of SiO, tetrahedra (O'; —O', = 2.60, O';—O™
2.60 and O" — O, = 2.55 A).  The average distams:es
in the COj triangles and in the oxygen-silicon tetra-
hedra are in agreement with standard values and
with those found in the structures of two other car-
bonate -gilicates, tilleyite [17] and spurrite [18, 19].
The O—«< —0 bond angles indicate (within the limits
of experimental error) that the carbon atom lies in
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TABLE 5. Interatomic Distancesin the Kainosite Structure, in A *

Si; - tetrahedron Sijp -tetrahedron Y-polyhedron
Siy —0s 1.57 Sip—0; 1.5 | YT 2.2
Sip —0; 1.58 Sijp—0s 1.58 Y_0: 2.32
Si; —0;s 1.62 Sipp—0; 1.67 Y—0s 2.40
Siy —0, 1.65 Sipp— 0, 1.67 Y05 2.44
Y—0, 2.47
1.60 1.60 ?
Average s Asierage H Y—0, 2.49
0,—0; 2.48 0;— 0 2.55 Y—0p 2.52
01—0. 2.60 05— 0; 2.57 Ca-polyhedron
03—04 2.60 o"_o 2 60 ” .
0,—O0; 2.65 t— O 2.0 Ca— 0y 2.24
0;— 04 2.67 0; — 0, 2.61 Ca—0s 2,38
01—0s 2711 | Oy—0: 269 | ca_0, 245
Average 2.62 0;—0, 2.72 Ca—0y 2.48
Average 2.62 Ca — O-?,, 2.54
COy-triangle Ca—0, 2.53
C—0, 1.22 0sg— 0y 2.16 Ca—0; 2.73
C—0s 1.27 0 — Ol 2.20 Ca—0; 2.9

*The prime ' denotes atomsrelated to principal atoms through
a screw axis, two primes " means relation through a b glide
plane, three primes ™ a center of symmetry, and the super-

script m a mirror plane,

the plane of the oxygen triangle. Individual Si—0O
distances are shorter than the average value of
1.60 A for those O connected to one Si (i.e., Oy, O;,
05, Og), and longer for Oy, Oy, and O;, which are
joined to two Si through bonds passing in opposite
directions (8i;—Or —Sip" = 137°, Sijp —O; —SiyyM =
140°, 8iy = O, =Siy™ = 150,

The crystal structure of kainosite is a good
example of the basic considerations governing
"second-chapter" silicate crystal chemistry [20].
The skeleton of the structure is made up of the
polyhedra formed around the large Ca and Y ca-
tions, which are firmly bound together. The four-
membered oxygen-silicon rings occupy spaces in
the three-dimensional framework and play a sub-
ordinate role in determining the architectural pat-
tern.
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